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The ability to modify chemical bonding and crystal structure of solids by means of high-pressure and high-temperature opens new opportunities to development of novel materials with unique properties. Recent high-pressure experiments and theoretical calculations have shown that highly compressed molecular solids transform into extended solids with more itinerant electrons in covalent or metallic network structures [1] [2] [3] [4] [5] .
These molecular-to-nonmolecular transitions occur as a result of electron delocalization arising from a rapid increase in electron kinetic energy at high density. As such, they often lead to densely packed, "fully saturated" or wide bandgap polymeric covalent solids in extended three-dimensional (3D) networks of corner (or edge)-sharing polyhedral. The pressure-induced broadening of the electronic bands, on the other hand, may lead to an insulator-metal transition, providing a competing mechanism.
Upon further compression, valence electrons of the extended solids can even ionize to form amorphous or ionic solids, as the electrostatic forces become dominant. This pressure-induced ionization will ultimately lead to chemical disassociation to elemental solids or atomistic metals, which can be related to those entropy-driven conducting fluids at high temperatures. Importantly, at a given density a delicate balance between electron delocalization (governing bonding) and ionization (governing packing) can give rise to subtle structural symmetry-breaking distortions, resulting in complex structures [1, 2] and novel properties such as superhardness, superconductivity and nonlinear optical properties [3] [4] [5] .
Nitrogen is the first molecular system predicted to transform into a polymeric form prior to the metallization [6] , which has been discovered later in laser-heated diamond anvil cell (DAC) experiments above 110 GPa and 2000 K [7, 8] . This successful prediction of cg-N [6] has stimulated the search for other singly bonded polymeric forms of nitrogen and other molecular solids. As result, a large number (over dozen) of extended nitrogen structures have been predicted to be stable, both in the stability field of cg-N such as α-arsenic, chain, layered, ring structures, and a metastable form of cg-N (C2/c) [9] [10] [11] [12] [13] , and above the stability field such as the layered Pba2 or Iba2 structures (188-320 GPa), the helical tunnel P2 1 2 1 2 1 structure (>320 GPa), and the cluster form of nitrogen diamondoid (>350 GPa) [14] [15] [16] [17] .
Despite extensive theoretical and experimental efforts, the synthesis of the predicted phases has been challenging. To this date, the cg-N is still the only extended phase of nitrogen discovered. Therefore, it is timely and also important to demonstrate the existence of theoretically predicted structures in dense nitrogen. This is exactly what we report in this Letter; that is, the discovery of a new extended nitrogen phase in the proposed layer Pba2 structure, formed above the stability field of cg-N. Interestingly, this new, layered polymeric nitrogen (LP-N) exhibits novel properties such as the colossal Raman cross section -probably the largest of all solids, and provides new constraints on the nitrogen phase diagram underscoring an unusual, symmetry-lowering transition from 3D cg-N to 2D LP-N transition in dense nitrogen.
All samples were prepared using a He-gas driven membrane DAC with 0.1 mm culet diamonds. Rhenium was used as gasket material pre-compressed to 0.025 mm thickness with a sample chamber drilled using electric discharge machining to produce a 50 μm diameter hole. Nitrogen gas of 99% purity was loaded at around 2000 atmospheres using an in-house gas loading device. The nitrogen sample pressure was monitored through the use of the calibrated ν 1 vibrational frequency [18] and the high frequency edge of the diamond phonon [19] . Raman spectra of the nitrogen samples were collected with a custom built confocal micro-Raman optical assembly with a 532 nm excitation laser and an Andor iXon CCD detector. Samples were laser heated using 1070 nm IPG Photonics ytterbium fiber laser. X-ray diffraction experiments were conducted at the HPCAT beamline (16IDB) at the Advanced Photon Source of Argonne National Laboratory. Highly focused (~ 0.01 mm diameter) monochromatic x-rays (λ = 0.406 Å) were used to produce angle dispersive x-ray diffraction images collected with a highresolution area detector (marCCD). Special care was exercised to place the cleanup slit close to the sample (within 2-3 cm) and obtain the gasket free diffraction pattern.
The nitrogen samples were compressed to pressure greater than 100 GPa where they can absorb laser radiation and be heated directly without the addition of a thermal absorber. Samples were heated to temperatures as high as 3000 K as evidenced by the bright glowing of the thermal radiation and measurement through optical pyrometry [20] .
Temperatures were difficult to measure precisely as the laser-sample coupling is unstable, creating temperature fluctuations, and temperature gradients beyond the laser spot are quite large. Thus temperature measurements are unreliable in terms of accuracy but provide valuable insight into the approximate magnitude of the highest temperatures reached during heating experiments. The sample is laser heated from one side, that axial thermal gradients are irrelevant considering the larger radial thermal gradient and, above all, the huge thermal fluctuations due to the instable laser-sample coupling. This unstable coupling prevented in situ high pressure-high temperature diffraction.
Laser heating samples at pressures greater than 125 GPa typically resulted in the molecular to non-molecular chemical reaction as nitrogen is transformed into the black amorphous phase or cg-N phase [7, 8] X-ray diffraction patterns were obtained from the center of laser heating spot after heating while unloading pressure from 137 GPa to 52 GPa (Fig. 2) , showing highly preferred orientations (Fig. S3) . Nevertheless, the majority of diffraction peaks observed can be indexed in terms of the theoretically suggested Pba2 structure (Fig. 3) , with a few exceptions of weak features at 2θ ~ 8 o and 10 o . These minor features can be interpreted in terms of the C2/c structure, also predicted to be a metastable form of cg-N [13] . A small poorly resolved feature at 2θ ~ 7 o is likely from the diffraction pattern from unreacted θ-N 2 [21] . On the other hand, the presence of cg-N cannot be ruled out, as its diffraction lines overlap with those of the cubic-like Pba2.
A full-pattern Rietveld refinement of the present diffraction pattern is, however, challenging because of the highly preferred orientation. Therefore, we have used a Le Bail method to determine the structural parameters such as the background, zero shift, peak profiles, and lattice parameters, using the theoretically predicted atomic parameters [14] . While the fitted result (Fig. 3) is reasonably good, note that the calculated intensity profile for the Pba2 has nearly no diffraction intensities along the [002] direction including those of (002), (201), (021), and so on. In fact, this is consistent with the systematic absence of (00l) in the Pba2 space group [22] . Furthermore, in a nonhydrostatic condition the basal plane of a layered structure (i.e., (002) in the Pba2) often stacks up normal to the primary stress direction along the incoming x-rays, causing a substantially reduced diffraction intensity of this plane with respect to those perpendicular to (i.e., (200) and (020) in the Pba2) [23] .
Within the three-phase model, the best fit results in the lattice parameters at 112
GPa: a=4.1602 Å, b=4.2481 Å, c=4.3689 Å, and density ρ = 4.820 g/cm 3 for LP-N in the Pba2, a=3.4694 Å, ρ = 4.456 g/cm 3 for cg-N in the I2 1 (Fig. 4) . Clearly, the present results are in excellent agreements with the previously measured and calculated values in Refs. [7, 8, 14] , as well as with the third-order Birch-Murnaghan EOS fits (solid and dotted lines) (see also and N4 sites, as observed at 150 GPa. Then, the 100 cm -1 difference between the ν s -of LP-N and the ν s of cg-N can be understood in terms of the 7.8% density difference with a typical mode Grüneisen parameter γ1.3 for covalent solids in γ = -δ ln ν/δ ln V [24] .
The present discovery of LP-N provides new constraints for the phase diagram of nitrogen (Fig. 4 inset) . At low pressures, nitrogen represents a classical diatomic molecular system with a strong triple bond (N≡N), exhibiting fascinating polymorphism with four solid molecular phases (α, β, γ, δ) below 10 GPa and 300 K [25, 26] . Upon further compression, δ-N 2 undergoes a series of structural transitions to ε-, ζ-and amorphous black η-N 2 at ambient temperature and to ε-, θ-and morphous "
at high temperatures [8, 21, 27] . These transitions are, however, known to show strong path dependencies, underscoring the intermediary nature of bonding in these phases between molecular (below 60-80 GPa) and extended solids (above 100-120 GPa). Above The above-described phase diagram underscores the pressure-induced 3D-to-2D structural transition, in contrast to more commonly observed 2D-to-3D transitions at high pressures as in, for example, the graphite-to-diamond transition. However, several recent theoretical calculations have predicted the stabilization of 2D layer structures at very high presssures. Those predictions include 2D polymeric-CO in Cmcm [30] , partially ionized extended layers of H 2 O in P2 1 [31] , and the graphene-like structure suggested for recently discovered H 2 -IV [32, 33] . In this regard, the cg-to LP-N transition is not surprising, but have significant implications to those transitions in other molecular systems and, together, begin to provide new fundamental insights into the pressure-induced ionization overtaking the pressure induced hybridization in densely packed molecular systems. comparison with the previous data (triangles in [7] and diamonds in [8] ) and the calculated Pba2 structure (cross in [14] ). (Inset) The proposed phase diagram to
